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The radion scalar field might be the lightest new particle predicted by extra-dimensional
extensions of the Standard Model, thus possibly leading to the first signatures of new physics
at the LHC. We perform a study of its production in association with a Z boson in the
custodially protected warped model with a brane-localised Higgs boson addressing the gauge
hierarchy problem, with radion-Higgs mixing effects included. While the considered radion
production at the LHC would constrain some parts of the parameter space, it is only the ILC
program that will be able to cover a significant part of this space through the studied process.
Complementary tests of the same theoretical parameters can be realised through the high
accuracy measurements of the Higgs couplings at ILC.
1 Introduction
An elegant class of extensions of the Standard Model (SM) addressing the gauge hierarchy
problem are the so-called warped extra-dimensional or Randall-Sundrum (RS) models. 1 In such
models, the hierarchy between the Planck and electroweak scales is achieved with the help of
the curved geometry of the 5th dimension.
However, as the extra dimension is finite in length, it should be stabilized by a suitable
mechanism. One such proposal is the Goldberger-Wise mechanism,2 which predicts the existence
of a new scalar field, the radion, that can mix with the SM scalar boson. In the following, after
summarizing the main properties of the radion, we will discuss the prospects of its detection
when produced in association with a Z boson at present (LHC) and future colliders (ILC).
2 Higgs-Radion Mixing Couplings to Z Bosons
The model under consideration is the custodial RS scenario 3 with the Higgs bi-doublet localised
on the infrared (IR) brane, while the remaining fermionic and gauge fields are propagating in
the bulk. In the (+−−−−) convention that will be used throughout this work, the perturbed
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RS metric reads
ds2 = e−2(k y+F )ηµνdxµdxν − (1 + 2F )2dy2 ≡ gMNdxMdxN , (1)
where F (x, y) represents the scalar perturbation of the 5D metric, which we denote as gMN .
a
Upon resolution of the 5D Einstein equations and in the limit of small backreaction of the field
F on the metric curvature, the scalar perturbation F (x, y) can be parametrized as follows 4:
F (x, y) =
φ0(x)
Λ
e2k(y−L), (2)
where φ0 is the (unmixed) 4D radion field and Λ its vacuum expectation value (VEV), which is
an O (TeV) energy scale that sets the length of the extra dimension.2
In order to obtain the (unmixed) radion coupling to two Z bosons, one should linearize
the corresponding 5D Lagrangian with respect to the scalar perturbation, F . This procedure,
including the effects of Kaluza-Klein excitations of the Z boson, is performed in detail in refer-
ence 5. Here we only display the dominant contributions to the h0ZZ and φ0ZZ couplings, in
the limit of infinitely heavy KK resonances:
L4DϕZZ ' m2Z
(
h0
v
− φ0
Λ
)
ZµZ
µ, (3)
where h0 denotes the unmixed Higgs scalar and v its VEV.
The Higgs-radion mixing arises at the renormalisable level by coupling the 4D Ricci scalar
R4 to the trace of H
†H via a gauge invariant term 6 as follows:
S4Dξ = ξ
∫
d4x
√
gindR4(g
ind
µν )
1
2
tr
(
H†H
)
, (4)
with gindµν being the perturbed metric induced on the IR brane metric. As it involves the brane-
localised Higgs field, the Higgs-radion mixing sources from the IR brane. After EW symmetry
breaking, a non-zero ξ coupling in induces a kinetic mixing between h0 and φ0. The transition
to the mass eigenstates, h and φ, is worked out in detail in reference 5. Here, we only mention
that the Higgs-radion sector is described by four parameters: the mixing parameter ξ, the radion
VEV Λ, the physical radion mass mφ, and the physical Higgs mass mh = 125 GeV.
3 Radion Detection and Higgs Precision Measurements
In this section, we will summarize the search strategies for a radion produced in association with
a Z boson at the LHC and at the ILC, and then discuss how Higgs precision measurements at
the ILC can constrain the mixed Higgs-radion parameter space. A more detailed discussion can
be found in reference 5.
3.1 Radion Production at the LHC
For the full reaction pp→ Zφ followed by the radion decay into a pair of SM states, one expects
a considerable SM background that needs to be rejected. Such a reduction of the background can
come from a cut on the transverse momentum of the reconstructed Z, pT (µµ) (see the pT (µµ)
distribution for the 13 TeV LHC in reference 7). We now summarize the main techniques to
measure Zφ production at the LHC, focusing on three ranges for the radion mass.
mφ & 20 GeV. A light radion decays almost always into jets (gg or bb pairs), which corresponds
to selecting experimentally two inclusive jets (including two gluons or two b’s). By appropriately
choosing the cuts on the pT of the reconstructed Z,
5 the obtained LHC reach at 2σ for 300 fb−1
at 13 TeV is illustrated by the red region in the left panel of Fig. 1.
aUpper case roman letters denote 5D Lorentz indices, while the Greek letters denote 4D Lorentz indices.
Figure 1 – Left panel: Iso-contours of Zφ production cross section (in fb and pb) at the LHC with√
s = 13 TeV, as a function of ξ and mφ (in GeV), for Λ = 4 TeV. The light blue regions are excluded
by theoretical constraints, while the purple, red, and blue zones approximately indicate parameter space
regions that will be probed with 300 fb−1 at the LHC via radion decays into hh, dijets (gg + bb), and
WW final states, respectively. Right panel: Summary plot for direct and indirect radion searches at the
three stages of operation of the ILC (
√
s = 250 GeV, 500 GeV, and 1 TeV), in the {ξ,mφ} plane, for
Λ = 5 TeV. The blue region covers the Higgs-radion parameter space estimated to be probed by the
ILC through direct radion searches, while the red region represents the domain potentially probed by the
precise measurement of the hZZ coupling. The theoretically excluded region is represented as the cyan
domain.
mφ > 160 GeV. In this regime, one benefits from the kinematical opening of the WW channel
(the branching ratio to ZZ is smaller). For an integrated luminosity of 300 fb−1, selecting semi-
leptonic decays for the WW system and corroborating with a radion mass selection, one obtains
the sensitivity order of magnitude indicated by the blue region on the left panel of Fig. 1.
mφ > 250 GeV. Finally, for mφ > 250 GeV, the LHC becomes sensitive to the channel pp→
Zφ, φ→ hh. The Zhh production background opens up with a cross section of 0.25 fb, 8 which
would correspond to a ∼ 1 fb cross section sensitivity limit for σtot(Zφ). The order of magnitude
of this sensitivity is indicated, in purple, on the left panel of Fig. 1 as well.
This domain and the above sensitivity regions are clearly coarse estimates and a full analysis
would be needed. Those regions however show that the Zφ search at LHC could be comple-
mentary, in testing some specific regions of the {ξ,mφ} plane, to the search for the gluon-gluon
fusion production of the radion. 9
3.2 Radion Production at the ILC
For the associated Zφ production at ILC, one can use the same missing mass technique as for
the Zh production 10 which is independent of the radion branching ratio values. This powerful
method is only feasible using the large luminosity provided by this machine (H-20 scenario 11).
We summarize below the prospects for Z + φ production at the ILC for three representative
mass ranges for the radion.
mφ < 150 GeV. Since the Zφ production cross section scales as s
−1, this low mass domain
will be covered by running at
√
s = 250 GeV. The σ(Zφ) sensitivity in this mass region which
is at the 0.5 − 1 fb level, as shown by the blue region from the right panel of Fig. 1. Note the
decrease of sensitivity for mφ ∼ mZ , where a radion peak would be obscured by the Z peak.
mφ > 150− 160 GeV. When mφ > 150 GeV, one starts crossing the kinematical limit for
the Zφ production and it becomes necessary to use data taken at a 500 GeV center-of-mass
energy. Also, the situation changes substantially since the WW , ZZ channels start opening for
the radion decay, which helps the recoil techniques. Selecting semileptonic decays of the WW
system, one reaches, at the counting level, a ∼ 1 fb sensitivity on σ(Zφ).
mφ > 250 GeV. For mφ > 250 GeV, the hh channel becomes accessible for the radion decay.
Using Higgs decays into bb¯, one could reach a sensitivity on σ(Zφ) at the ∼ 0.01 fb level.
The various estimates given so far constitute a reasonable first guess of the ILC sensitivity
for a radion search in the Zφ production channel. On the right panel of Fig. 1, we summarize
on a unique plot the covered regions (in blue) issued from the ILC runs at 250 GeV, 500 GeV
and 1 TeV, for the radion VEV having a value of Λ = 5 TeV. A dedicated analysis would be
needed to fully assess such performances but it is clear that ILC can dig into the radion scenario
with excellent sensitivity.
3.3 Higgs Precision Measurements at the ILC
It is estimated that the Higgs coupling to two Z bosons will be measured at the 0.51% (1.3%)
1σ error level at the ILC with an energy option of 1 TeV (250 GeV), 12 via the Zh production
channel. Such measurements would exclude at 2σ the red regions from the right panel of Fig. 1,
assuming a central value equal to the predicted SM hZZ coupling.
4 Conclusions
Let us finish this study on the radion production by a short conclusion, now that the possibilities
of observation have been discussed. The study of the reaction qq¯ → Zφ at the LHC could allow
to cover significant parts of the h−φ parameter space. However, it will take the ILC program at
high luminosity to cover most of the theoretically allowed parameter space, via the e+e− → Zφ
search. Moreover, the ILC benefits from the complementarity between i) direct radion searches
and ii) high accuracy measurements of the Higgs couplings in the exploration of the h − φ
parameter space (typically the {ξ,mφ} plane). We also note that, due to the better sensitivity
of the ILC with respect to the LHC for the low radion masses, a light radion is an interesting
example of new physics that could escape detection at the LHC but be discovered at the ILC.
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